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Background of the Invention 

[oooi] Nitride semiconductor devices made from Group Ill-nitride semiconduc- 

tor materials have substantial promise as electro-optical devices such as lasers 
and light-emitting diodes. The general formula of these materials is 
Al^Ga^^In^N, where Al is aluminum, Ga is gallium, In is indium, N is nitrogen, 
and x andy are compositional ratios. For instance, these materials have been 
reported as being used to fabricate lasers that generate light in the blue 
through ultra-violet part of the spectrum. However, a major practical problem 
with conventionally-structured lasers fabricated using nitride semiconductor 
materials is that the far-field pattern of the light generated by such lasers 
exhibits more than one peak. The far-field pattern is the Fourier transform of 
the near-field pattern of the light. See, for example, D. Hofstetter et al., 
Excitation of a Higher Order Transverse Mode in an Optically-Pumped 
In 0 15 Ga 0 85 N/In 0 05 Ga 0 95 N Multi Quantum Well Laser Structure, 70 Appl. Phys. 
Lett., 1650 (1997). A laser that generates light having a far-field pattern that 
exhibits multiple peaks has substantially fewer practical applications than a 
laser that generates light having a far-field pattern that exhibits a single peak. 

[0002] The far-field pattern of the light generated by such a conventional laser 

exhibits multiple peaks, rather than the desired single peak, because the 
optical confinement structure formed by an optical waveguide layer and an 
underlying cladding layer in the laser provides insufficient optical confine- 
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ment. The optical confinement structure allows light to leak from the optical 
waveguide layer into the contact layer underlying the cladding layer. The 
contact layer then acts as a parasitic optical waveguide that causes spurious 
laser oscillation in a high-order mode. The contact layer is used to inject 
5 current into the active layer of the laser. 

[0003] Attempts to achieve sufficient optical confinement have included using 

a cladding layer having an increased thickness, and increasing the refractive 
index difference between the semiconductor materials of the optical wave- 
guide layer and the cladding layer. However, when implemented convention- 

10 ally, these measures increase the incidence of cracks in the laser structure. This 

significantly reduces the production yield. 
[0004] Figure 1 is a schematic side view of the structure of the conventional 

nitride semiconductor layer structure 10 from which conventional nitride 
semiconductor lasers can be made. In all of the Figures in this disclosure that 

15 depict semiconductor layer structures and semiconductor lasers, the thick- 

nesses of the layers are greatly exaggerated relative to their widths, and the 
thicknesses of the thinner layers are exaggerated more than those of the 
thicker layers, to enable the layers to be shown clearly. 
[0005] The nitride semiconductor layer structure 10 is composed of the buffer 

20 layer 12 of low- temperature-deposited GaN, the n-contact layer 13 of n-type 

GaN, the cladding layer 14 of n-type AlGaN, the optical waveguide layer 15 of 
n-type GaN, the active layer 16 of GalnN, the electron blocking layer 17 of p- 
type AlGaN, the optical waveguide layer 18 of p-type GaN , the cladding layer 
19 of p-type AlGaN and the p-contact layer 20 of p-type GaN. The layers 12 

25 through 20 are successively formed on the substrate 11. The material of the 

substrate is sapphire, SiC, spinel, MgO, GaAs, silicon, or some other suitable 
material. 

[0006] The buffer layer 12 is a 35 nm-thick layer of GaN deposited at a tem- 

perature of 550°C, i.e., at a temperature below that at which single-crystal 
30 growth occurs. The n-contact layer 13 is a 4 //m-thick layer of GaN doped n- 

type with about 1 x 10 18 cm" 3 of Si. The cladding layer 14 is a 600 nm-thick 
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layer of AlGaN having an A1N molar fraction of 0.06 and doped n-type with 
about 1 x 10 18 cm" 3 of Si. The optical waveguide layer 15 is a 100 nm-thick 
layer of GaN doped n-type with about 1 x 10 18 cm" 3 of Si. The active layer 16 
is composed of five pairs of sub-layers. Each pair of sub-layers is composed of a 
5 3 nm-thick sub-layer of GalnN having an InN molar fraction of 0.1 and a 6 nm- 

thick sub-layer of GalnN having an InN molar fraction of 0.03. The electron 
blocking layer 17 is a 15 nm-thick layer of AlGaN having an AlN molar fraction 
of 0.15 and doped p-type with about 5 x 10 19 cm" 3 of Mg. The optical wave- 
guide layer 18 is a 100 nm-thick layer of GaN doped p-type with about 
10 5 x 10 19 cm" 3 of Mg. The cladding layer 19 is a 500 nm-thick layer of AlGaN 

j3 having an AlN molar fraction of 0.06 and doped p-type with about 5 x 10 19 

Q cm" 3 of Mg. The p-contact layer 20 is a 100 nm-thick layer of GaN doped p- 

5 type with about 1 x 10 20 cm" 3 of Mg. 

W [0007] An improved nitride semiconductor layer structure from which can be 

m 15 made nitride semiconductor lasers that generate light having a far-field pattern 

j\ that exhibits a single peak is described in Japanese Patent Application no. 

pJ H10-313993 (the prior application). The prior application is assigned to the 

yp assignee of this application and was filed on 16 October 1998. An English 

[7 language version of the prior application is published as International Applica- 

20 tion no. WO 00/24097. The prior application is incorporated into this disclo- 

sure by reference. 

[0008] The nitride semiconductor layer structure disclosed in the prior applica- 

tion lacks the electron blocking layer 17 of the layer structure shown in Figure 
1, but includes an additional buffer layer located between the n-type GaN 

25 contact layer 13 and the n-type AlGaN cladding layer 14. The additional buffer 

layer is a layer of low-temperature-deposited semiconductor material that 
. includes AlN. The additional buffer layer enables the n-type AlGaN cladding 
layer 14 grown on it to have an increased thickness and a lower incidence of 
cracks. In the nitride semiconductor layer structure disclosed in the prior 

30 application, either or both of the thickness of the cladding layer and the AlN 

molar fraction of the cladding layer can be adjusted to make the light emitted 
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by a laser fabricated using the layer structure to have a far-field pattern, i.e., 
the intensity distribution in the far field, that exhibits a single peak. 
[ooo9] Although the layer structure disclosed in the prior application can be 

used to fabricate lasers that generate light whose far-field pattern exhibits a 
5 single peak and that have a greater efficiency than conventional nitride 

semiconductor lasers, the need exists for high-quality lasers having a simpler 
structure. 

[ooio] Thus, what is needed is a nitride semiconductor layer structure that has 

a simple structure and from which a nitride semiconductor laser can be 
10 fabricated that generates light whose far-field pattern exhibits a single peak, 

and that has a low threshold current and a low power consumption, 
[ooii] What is also needed is a nitride semiconductor layer structure capable 

of providing increased optical confinement, that has a reduced manufacturing 
cost and that provides improved performance in opto-electric devices, other 
15 waveguide structures and other semiconductor devices. 



Summary of the Invention 

[0012] The invention provides a nitride semiconductor layer structure that 

comprises a buffer layer and a composite layer on the buffer layer. The buffer 
layer is a layer of a low-temperature-deposited nitride semiconductor material 

20 that includes A1N. The composite layer is a layer of a single-crystal nitride 

semiconductor material that includes AlN. The composite layer includes a first 
sub-layer adjacent the buffer layer and a second sub-layer over the first sub- 
layer. The single-crystal nitride semiconductor material of the composite layer 
has a first AlN molar fraction in the first sub-layer and has a second AlN molar 

25 fraction in the second sub-layer. The second AlN molar fraction is greater than 

the first AlN molar fraction. 
[0013] The invention additionally provides a nitride semiconductor laser that 

comprises a portion of the above-described nitride semiconductor layer 
structure, and that additionally comprises an optical waveguide layer over the 

30 composite layer and an active layer over the optical waveguide layer. 
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[0014] In the simple nitride semiconductor layer structure provided by the 

invention, the thick, composite AlGaN layer may be doped p-type or n-type. 
The composite AlGaN layer has an AlN molar fraction that changes through 
the thickness of the layer to define two sub-layers in the composite AlGaN 
5 layer. The different AlN fractions of the sub-layers optimize the characteristics 

of the sub-layers to enable the sub-layers to function as a cladding layer and as 
a contact layer. Accordingly, the sub-layers will be called a cladding sub-layer 
and a contact sub-layer, respectively. The cladding sub-layer and an optical 
waveguide layer located over the composite AlGaN layer form an optical 

10 confinement structure that provides adequate optical confinement. The 

composite AlGaN layer has a relatively high AlN molar fraction in the cladding 
sub-layer. The composite AlGaN layer has a relatively low AlN molar fraction 
in the contact sub-layer to give the contact sub-layer the high conductivity 
required for it to effect lateral current injection without an excessive forward 

15 voltage drop. Providing the functions of the contact layer and the cladding 

layer in a composite layer of a material in which only the AlN molar fraction 
differs provides a substantial reduction in the incidence of cracking in the 
nitride semiconductor layer structure. 
[0015] The nitride semiconductor lasers according to the invention fabricated 

20 from the above-described nitride semiconductor layer structure have a high 

production yield because the composite AlGaN layer has a low incidence of 
cracks despite its substantial thickness. Such lasers generate light whose far- 
field pattern exhibits a single peak because of the ample optical confinement 
resulting from the relatively large AlN molar fraction and thickness of the 

25 cladding sub-layer of the composite AlGaN layer. Such lasers also have a low 

forward voltage drop because of the high conductivity and substantial thick- 
ness of the n-contact sub-layer of the composite AlGaN layer. 
[ooi6] Because lasers according to the invention generate light whose far-field 

pattern exhibits a single peak, such lasers are ideal for use in optical informa- 

30 tion recording devices and other applications that require a single-peak 

emission profile. Also, since such lasers have a greatly-reduced forward voltage 
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drop, a lower power consumption and dissipate less heat, they have a signifi- 
cantly increased service life. 



Brief Description of the Drawings 

[ooi7] Figure 1 is a schematic side view of the structure of a conventional 

5 GaN-based layer structure from which conventional nitride semiconductor 

lasers can be made. 

Figure 2 is a graph showing the far-field pattern of the light emitted by 
an example of a laser made from the conventional layer structure shown in 
Figure 1. 

H; 10 Figure 3 is a schematic side view of a first embodiment of a nitride 

□ semiconductor layer structure according to the invention. 

j5 Figure 4 is a schematic side view of a nitride semiconductor laser 

W according to the invention fabricated from the nitride semiconductor layer 

\ y 

CO structure shown in Figure 3. 

15 * Figure 5 is a graph showing the far- field pattern of the light emitted by 

fU an example of a nitride semiconductor laser according to the invention fabri- 

yQ cated using the nitride semiconductor layer structure according to the inven- 

lI tion. 

Figure 6 is a graph showing the forward characteristics of an example of 
20 a nitride semiconductor laser according to the invention (curve (a)) and a 

comparison laser (curve (b)). 

Figure 7 is a graph showing the threshold characteristics of an example 
of a nitride semiconductor laser according to the invention (curve (a)) and a 
comparison laser (curve (b)). 
25 Figure 8 is a schematic side view of a second embodiment of a nitride 

semiconductor layer structure according to the invention incorporating an 
additional AlN composite layer. 

Figures 9A-9C are graphs showing different ways in which the AlN 
molar fraction of the composite AlGaN layer can vary through the thickness of 
30 the composite AlGaN layer. 
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Detailed Description of the Invention 

[ooi8] In the conventional nitride semiconductor layer structure 10 shown in 

Figure 1, the lattice mismatch between the AlGaN of the cladding layer 14 and 
the GaN of the contact layer 13 can cause cracks to occur in the cladding layer 
5 and in the layers grown on this layer. Such cracks significantly diminish the 

manufacturing yield of lasers made from the conventional layer structure 
shown. To reduce the incidence of cracking, the thickness of the cladding layer 
14 is conventionally limited to 600 nm, and the A1N molar fraction of the 
semiconductor material of the cladding layer 14 is conventionally limited to 
10 0.06. However, the optical waveguide layer 15 and an embodiment of the 

u cladding layer 14 that conforms to the above-described limits form an optical 

~ confinement structure having inadequate optical confinement, as illustrated in 

HF Figure 2. 

hi [0019] Figure 2 is a graph showing the far-field pattern of the light emitted by 

15 an example of a laser made from the conventional nitride semiconductor layer 

- structure 10 in which the cladding layer 14 conforms to the above-described 

m limits. In Figure 2, the intensity of the light emitted by the laser, in arbitrary 

units, is plotted on the y-axis, and the angle, in degrees relative to the optical 

O axis of the laser, at which light is emitted by the laser is plotted the x-axis. The 

20 far-field pattern exhibits multiple peaks. This indicates that the optical confine- 

ment provided by the above-described optical confinement structure is in , and 
that light is present in the n-contact layer 13. The example of the laser whose 
far-field pattern is shown in Figure 2 has an optical confinement factor of 
2.7%. 

25 [0020] The prior application referred to above discloses a nitride semiconduc- 

tor layer structure that can be used to fabricate nitride semiconductor lasers. In 
the layer structure disclosed in the prior application, the incidence of cracks 
was reduced by inserting an additional 30 nm- thick buffer layer of low- 
temperature-deposited semiconductor material between the GaN n-contact 

30 layer 13 and the AlGaN cladding layer 14. The additional buffer layer enabled 

the thickness of the cladding layer 14 to be increased to 1 jum and the AlN 
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molar fraction of the semiconductor material of the cladding layer 14 to be 
increased to 0.1 without significant cracking occurring in the cladding layer. 
Such cladding layer enabled the optical confinement structure to provide 
sufficient optical confinement for the laser to generate light whose far-field 
5 pattern exhibited a single peak. Nevertheless, as noted above, it is desired to 

obtain similar results using a structure and manufacturing process that are 
simpler than those disclosed in the prior application. 
[0021] A first approach to simplifying the structure and manufacturing process 

disclosed in the prior application while retaining the advantages thereof would 

10 be to replace the GaN n-contact layer, the additional buffer layer and the 

AlGaN cladding layer with a single, thick, homogeneous layer of n-type single- 
crystal AlGaN semiconductor material that serves as a combined n-contact 
layer and cladding layer. The material of the single AlGaN layer would have a 
relatively high A1N molar fraction to enable the single AlGaN layer and the 

15 optical waveguide layer 15 to form an optical confinement structure that 

provides adequate optical confinement. For the purposes of this disclosure, an 
optical confinement structure will be regarded providing adequate optical 
confinement when a laser that incorporates the optical confinement structure 
generates light whose far-field pattern exhibits a single peak. 

20 [0022] However, the material of the single AlGaN layer having an AlN molar 

fraction high enough for such layer to form an optical confinement structure 
that provides adequate optical confinement would cause the bulk resistance of 
the material and contact resistivity of the single AlGaN layer to be unaccept- 
ably high. This would prevent the single AlGaN layer from serving as an 

25 effective lateral current injection layer and would cause an acceptably-high 

voltage drop across the laser. 
[0023] The invention overcomes this problem by using a composite layer of 

AlGaN to serve as the n-contact layer and the cladding layer. Such composite 
layer of AlGaN will be called a composite AlGaN layer. The composite AlGaN 

30 layer includes sub-layers each having a different AlN molar fraction, i.e., a sub- 

layer of single-crystal AlGaN semiconductor material having a lower AlN molar 
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fraction, and a sub-layer of single-crystal AlGaN semiconductor material having 
a higher A1N molar fraction. The sub-layer having the lower A1N molar fraction 
has a relatively low resistance, is located adjacent the buffer layer of low- 
temperature deposited AlGaN, serves as the contact layer to perform lateral 
5 current injection into the laser and will be called the AlGaN n-contact sub-layer. 

The sub-layer having the higher A1N molar fraction is located adjacent the n- 
type GaN optical waveguide layer and forms an optical confinement structure 
with the n-type GaN optical waveguide layer. This sub-layer will be called the 
AlGaN cladding sub-layer. The AlGaN cladding sub-layer has a higher resistance 

10 and a substantially smaller thickness than the AlGaN n-contact sub-layer. 

Although the material of the AlGaN cladding sub-layer has a greater AlN molar 
fraction, and therefore a higher resistivity, than that of the AlGaN p-contact 
sub-layer, the substantially smaller thickness of the AlGaN cladding sub-layer 
prevents the higher resistivity of this sub-layer from significantly increasing the 

15 overall resistance of the path between the n-electrode and the active region. 

[0024] In the composite AlGaN layer, the AlN molar fraction may change 

abruptly between the AlGaN n-contact sub-layer and the AlGaN cladding sub- 
layer, creating in effect two distinct layers of AlGaN, each having the different 
AlN molar fraction. Alternatively, the AlN molar fraction may change gradually 

20 between the AlGaN n-contact sub-layer and the AlGaN cladding sub-layer 

creating a single layer having an AlN molar fraction that differs through the 
thickness of the layer. Regardless of the way in which the AlN molar fraction 
changes, the thickness of the AlGaN cladding sub-layer should be no greater 
than that required to provide adequate optical confinement. 

25 [0025] Compared with the layer structure shown in Figure 1, a nitride semi- 

conductor layer structure that includes a single composite AlGaN layer having 
sub-layers with different AlN molar fractions, as just described, provides a 
substantially increased optical confinement. Moreover, the lattice mismatch 
between the sub-layers of the composite layer is small, so the incidence of 

30 cracks in the layer structure is substantially less. These advantages are ob- 

tained at the expense of only a small increase in the electrical resistance of the 
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path between the n-contact and the active region. 
[0026] To reduce the incidence of cracks the nitride semiconductor layer 

structure according to the invention, it is preferable for the A1N molar fraction 
of the AlGaN n-contact sub-layer, i.e., the sub-layer having the lower A1N 
5 molar fraction, to be at least 0.01. Moreover, to reduce the incidence of cracks 

and to reduce the resistance of the path between the n-contact and the active 
layer, the difference between the AlN molar fraction of the AlGaN cladding 
sub-layer and that of the AlGaN n-contact sub-layer is preferably in the range 
from 0.03 to 0.10. The actual preferred difference depends on the AlN molar 

10 fraction of the AlGaN cladding sub-layer. The AlN molar fraction of the AlGaN 

cladding sub-layer should be at least 0.05, and may be as high as unity (1). 
[0027] When the nitride semiconductor layer structure incorporating a compos- 

ite AlGaN layer that includes two sub-layers of AlGaN having different AlN 
molar fractions, as just described, has been formed, parts of the layers grown 

15 over part of the n-AlGaN contact sub-layer are etched away using reactive ion 

etching (HIE) or some other suitable etching process to expose the AlGaN n- 
contact sub-layer. An n-electrode can then be deposited on the surface of the 
AlGaN n-contact sub-layer exposed by the etching process. A p-electrode is 
deposited on the surface of the p-contact layer. The layer structure is further 

20 etched to remove parts of the p-contact layer, the p-type cladding layer and 

the p-type optical waveguide to define a ridge structure. The layer structure is 
then cleaved to form individual lasers. Each nitride semiconductor laser 
formed as just described incorporates a portion of the nitride semiconductor 
layer structure. 

25 [0028] In an example of the nitride semiconductor layer structure according to 

the invention in which the AlN molar fraction changed abruptly between the 
AlGaN n-contact sub-layer and the AlGaN cladding sub-layer, the thickness of 
the AlGaN n-contact sub-layer, i.e., the layer of AlGaN having the lower AlN 
molar fraction, was 3 /^m, and the AlN molar fraction in this layer was 0.03. 

30 The thickness of the AlGaN cladding sub-layer, i.e., the layer of AlGaN having 

the higher AlN molar fraction, was 1 /um and the AlN molar fraction in this 
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layer was 0.06. A low incidence of cracks was observed in the surface of a test 
sample of such a layer structure fabricated a 50 mm-diameter substrate. 
[0029] An example of a nitride semiconductor layer structure according to the 

invention will now be described with reference to Figure 3. Figure 3 is a 
5 schematic side view of a first embodiment 40 of a nitride semiconductor layer 

structure according to the invention. Nitride semiconductor lasers according to 
the invention and other semiconductor devices can be made from the layer 
structure 40, as will be described below. In the example shown, the A1N molar 
fraction in the composite AlGaN layer 51 changes abruptly between the AlGaN 
10 n-contact sub-layer 43 and the AlGaN cladding sub-layer 44, as will be de- 

jz scribed below with reference to Figure 9A. 

C3 [0030] The layer structure 40 is composed of the sapphire substrate 41 having 

S a C-plane (0001) surface. Successively deposited over this surface by metal- 

organic vapor phase epitaxy (MOVPE) are the AlGaN low-temperature-depos- 
CO 15 ited buffer layer 42; the composite n-type AlGaN layer 51 composed of the n- 

|\ contact sub-layer 43 in which the AlGaN has a lower AlN molar fraction and 

[ y the AlGaN cladding sub-layer 44 in which the AlGaN has a higher AlN molar 

go fraction; the n-type GaN optical waveguide layer 45; the GalnN active layer 

r7 46; the p-type electron blocking layer 47; the p-type GaN optical waveguide 

20 layer 48; the p-type AlGaN cladding layer 49 and the p-type GaN p-contact 

layer 50. 

[0031] The nitride semiconductor layer structure 40 will now be described in 

further detail. The buffer layer 42 is a 30 nm-thick layer of low- temperature 
deposited AlGaN having an AlN molar fraction of 0.03 and deposited at a 

25 temperature of 500 °C. The material of the buffer layer is deposited at a 

temperature below that at which single-crystal growth occurs. When depos- 
ited, the buffer layer is composed of a mixture of amorphous and polycrystall- 
ine material. As will be described in more detail below, the substrate and the 
buffer layer are then heated to a temperature above that at which single- 

30 crystal growth occurs prior to depositing the composite AlGaN layer 51. This 

anneals the low-temperature deposited material of the buffer layer, and causes 
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single-crystal regions to develop in the buffer layer. As a result, the composite 
AlGaN layer grows epitaxially on the buffer layer. However, in the finished 
layer structure 40, regions of residual polycrystalline, amorphous, or 
polycrystalline and amorphous material distinguish the buffer layer 42 from 
5 the single-crystal material of the composite AlGaN layer 51 deposited on the 

buffer layer. 

[0032] Although the buffer layer 42 is described above as a 30 nm-thick layer 

of low-temperature deposited AlGaN having an A1N molar fraction of 0.03, the 
thickness of the buffer layer may be as great as 100 nm and the AlN molar 
10 fraction may be as great as unity (1). 

[0033] The composite AlGaN layer 51 is a 4 yu-thick layer of AlGaN doped n- 

type with about 1 x 10 18 cm" 3 of Si and deposited at a temperature of 1050°C. 
The composite layer is composed of the n- AlGaN contact layer 43, which is a 
3 jum-thick layer of AlGaN having an AlN molar fraction of 0.03, and the 
15 AlGaN cladding sub-layer 44, which is a 1 /urn- thick layer of AlGaN having an 

AlN molar fraction of 0.06. In the example shown, the change in the AlN molar 
fraction between the AlGaN n-contact sub-layer 43 and the AlGaN cladding 
sub-layer 44 is abrupt. 
[0034] The optical waveguide layer 45 is a 100 nm-thick layer of GaN doped n- 

20 type with about 1 x 10 18 cm" 3 of Si and deposited at a temperature of 1050°C. 

[0035] The active layer 46 is composed of five pairs of layers of undoped 

GalnN deposited at a temperature of 800°C. Each pair of layers is composed of 
a 3 nm-thick layer of GalnN with an InN molar fraction of 0.1 and a 6 nm-thick 
layer of GalnN with an InN molar fraction of 0.03. 
25 [0036] The electron blocking layer 47 is a 1 5 nm-thick layer of AlGaN having 

an AlN molar fraction of 0.15 doped p-type with about 5 x 10 19 cm" 3 of Mg 
and deposited at a temperature of 800°C. 
[0037] The optical waveguide layer 48 is a 100 nm-thick layer of GaN doped p- 

type with about 5 x 10 19 cm" 3 of Mg and deposited at a temperature of 
30 1050°C. 

[0038] The cladding layer 49 is a 500 nm-thick layer of AlGaN having an AlN 
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molar fraction of 0.06, doped p-type with about 5 x 10 19 cm" 3 of Mg and 
deposited at a temperature of 1050°C. 
[0039] The p-contact layer 50 is a 100 nm-thick layer of GaN doped p-type 

with about 1 x 10 20 cm" 3 of Mg and deposited at a temperature of 1050°C. 
5 [0040] Figure 4 is a schematic side view of the nitride semiconductor laser 60. 

The laser 60 is one of many lasers fabricated from the nitride semiconductor 
layer structure 40 so that each laser incorporates a portion of the layer struc- 
ture 40. Elements of the layer structure that appear in the laser are indicated 
using the same reference numerals. 

10 [0041] In the laser 60, the part of the layer structure overlaying part of the 

AlGaN n-contact sub-layer 43 is etched away to expose the surface 61 and the 
n-electrode 62 is formed on the surface 61. The laser additionally includes the 
p-electrode 63 located on the surface of the p-contact layer 50. Finally, parts of 
the optical waveguide layer 48, the cladding layer 49 and the p-contact layer 

15 50 are etched away to form the ridge structure 64 that concentrates the 

current flow through the active layer 46. 
[0042] An example of a method that can be used to make the nitride semicon- 

ductor layer structure 40 according to the invention will now be described 
with reference to Figure 3. 

20 [0043] The substrate 41, which is preferably a sapphire substrate having a 

0001 (C) surface, was provided. The substrate was cleaned by immersing it in 
hydrofluoric acid and then in aqua regia for five minutes each, and was then 
rinsed in pure water for five minutes. The substrate was then washed in 
methanol and acetone for five minutes each, and was then rinsed in pure 

25 water for another five minutes. The operations just described were all per- 

formed at room temperature. 
[0044] The substrate 41 was transferred to the reactor of a metal-organic vapor 

phase epitaxy (MOVPE) apparatus. The atmosphere in the reactor was re- 
placed with dry nitrogen to remove oxygen and water vapor. Then, hydrogen 

30 was introduced and the substrate was cleaned by heating it to 1100°C for ten 

minutes. 
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[0045] The temperature of the substrate 41 was reduced to 500 °C. Trimethyl- 

aluminum (TMA1), trimethylgallium (TMGa) and ammonia were supplied to 
the reactor to start depositing the buffer layer 42 of low-temperature-depos- 
ited AlGaN on the substrate 41 . 
5 [0046] When the material of the substrate 41 is conductive, as in the case of a 

GaN substrate, a substrate structure that includes a GaN layer, or a SiC 
substrate, silane can additionally be supplied to the reactor to dope the low- 
temperature-deposited AlGaN of the buffer layer 42 n-type with silicon. The 
flow rate of the silane is set to give a silicon concentration in the range from 

10 about 5 x 10 17 to about 5 x 10 19 cm" 3 . In one exemplary embodiment, the 

flow rate of the silane was set to give a silicon concentration of about 1 x 10 18 
cm' 3 . Doping the buffer layer 42 reduces the electrical resistivity of the buffer 
layer to a value allows the drive current for the laser 60 to flow through the 
buffer layer with a negligible voltage drop. 

15 [0047] The flow of gasses to the reactor was continued for approximately three 

minutes to deposit the buffer layer 42 to a thickness of 30 nm on the substrate 
41. 

[0048] When the buffer layer 42 reached its design thickness of 30 nm, the 

supply of TMA1 and TMGa and, if it was being supplied to the reactor, silane 

20 were stopped. The temperature of the substrate 41 was then raised to 1050°C 

and was held at this temperature for approximately five minutes. 
[0049] The supply of TMA1, TMGa and silane was re-commenced to start 

growing the composite AlGaN layer 51. First, the gasses were supplied at 
relative flow rates that generated the AlGaN n-contact sub-layer 43 with an 

25 AlN molar fraction of 0.03. The flow of gasses was continued until the AlGaN 

n-contact sub-layer 43 reached a thickness of 3 jum. The relative flow rate 
between the TMAl and TMGa was then changed to start growing the n-AlGaN 
cladding sub-layer 44 with an AlN molar fraction of 0.06. The flow of gasses 
was continued until the n-AlGaN cladding sub-layer reached a thickness of 1 

30 /^m. 

[ooso] When complete, the composite AlGaN layer 51 had a total thickness of 
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4 yum. A layer of this overall thickness can be formed with a low incidence of 
cracks because of the buffer layer 42 of low-temperature-deposited AlGaN 
located directly beneath it and because of the small lattice mismatch between 
the AlGaN n-contact sub-layer 43 and the AlGaN contact sub-layer 44 consti- 
5 tuting the composite layer. 

[0051] The flow rate of the silane to the reactor was adjusted to dope the 

composite AlGaN layer 51 with silicon at a concentration in the range from 
about 5 x 10 17 to about 5 x 10 19 cm 3 . In a preferred embodiment, the flow 
rate was set to give a silicon dopant concentration of 1 x 10 18 cm' 3 . The 

10 conductivity of a doped layer depends on the sum of the dopant concentration 

and the carrier mobility. Consequently, the resistance of the layer cannot be 
decreased simply by raising the dopant concentration. The optimum dopant 
concentration is that which minimizes the resistance of the layer. 
[0052] When the AlGaN cladding sub-layer 44 reached its design thickness, the 

15 temperature of the substrate 41 was held at 1050°C and the supply of only the 

TMAl was stopped to grow the n-type GaN optical waveguide layer 45. The 
flow rate of the silane was adjusted to dope the optical waveguide layer 45 
with silicon at a concentration of 1 x 10 18 cm" 3 . The growth rate was about 
40 nm per minute. The flow of gasses was continued until the optical wave- 

20 guide layer 45 reached a thickness of 100 nm. When the optical waveguide 

layer 45 reached its design thickness, the supply of TMGa and silane was 
stopped, but the supply of ammonia was continued. The temperature of the 
sapphire substrate was then reduced to 800 °C. 
[0053] In the example just described, the n-type GaN optical waveguide layer 

25 45 was doped with silicon at a concentration of 1 x 10 18 cm" 3 . Using a higher 

silicon concentration will reduce the resistivity of the optical waveguide layer 
but will degrade the crystallinity of the layer. In view of this, the preferred 
silicon concentration is in the range from about 5 x 10 17 cm* 3 to about 1 x 
10 19 cm" 3 , centering on about 2 x 10 18 cm" 3 . 

30 [0054] The dopant concentrations in the AlGaN n-contact sub-layer 43, the 

AlGaN cladding sub-layer 44 and the optical waveguide layer 45 may differ 
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from each other, or two or more may be the same. However, the manufactur- 
ing process is simplified when the dopant concentrations in all the layers are 
more or less the same. 
[0055] When the temperature of the substrate 41 reached 800 °C, TMGa and 

5 trimethylindium (TMIn) were supplied to the reactor to grow the active layer 

46. The active layer is composed of multiple quantum wells formed by grow- 
ing five pairs of sub-layers. Each pair of sub-layers is composed of a 3 nm-thick 
sub-layer of GalnN having an InN molar fraction of 0.1 and a 6 nm-thick sub- 
layer of GalnN having an InN molar fraction of 0.03. The InN molar fractions 
10 are determined by the wavelength of the light generated by the lasers that will 

p be fabricated from the layer structure 40. The InN molar fractions shown in 

this example correspond to a wavelength of 400 nm. The gasses were supplied 
□ to the reactor at relative flow rates that generated the sub-layers of the active 

Hj layer with the InN molar fractions shown. The growth rate typically ranges 

" y 15 from 3 to 6 nm per minute, but was 5 nm per minute under the conditions 

M 5 described here. 

LI [0056] Once the last sub-layer of the active layer 46 reached its design thick- 

Jf ness, the supply of TMIn was stopped, and TMA1 and biscyclopentadienyl 

M magnesium (Cp 2 Mg) were supplied to the reactor to grow the p-type AlGaN 

20 electron blocking layer 47. The gasses were supplied at relative flow rates that 

generated the electron blocking layer with an AlN molar fraction of 0.15. The 
flow rate of the Cp 2 Mg was adjusted to give a magnesium concentration in the 
range from about 1 x 10 18 to about 1 x 10 20 cm* 3 . In a preferred embodiment, 
the Cp 2 Mg flow rate was set to give a magnesium dopant concentration of 5 x 
25 10 19 cm" 3 . The range of the magnesium concentration is determined in the 

same manner as the range of the silicon concentration discussed above. 
[0057] The flow of gasses was continued until the p-type AlGaN electron 

blocking layer 47 reached a thickness of 15 nm. 
[0058] When the p-type AlGaN electron blocking layer 47 reached its design 

30 thickness, the supply of TMAl and Cp 2 Mg was stopped and the temperature of 

the substrate 41 was increased. When the temperature of the substrate reach- 
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ed 1050°C, TMGa and Cp 2 Mg were supplied to the reactor to start growing 
the p-type GaN optical waveguide layer 48. Under the above-described 
conditions, the growth rate of the p-type GaN optical waveguide layer 48 was 
2 fxm per hour. The flow rate of the Cp 2 Mg was adjusted to give a magnesium 
5 concentration in the range from 1 x 10 18 to 1 x 10 20 cm' 3 . Too high a magne- 

sium concentration will degrade the crystallinity of the material of the p-type 
GaN optical waveguide layer. In a preferred embodiment, the flow rate of the 
Cp 2 Mg was set to give a magnesium concentration of about 5 x 10 19 cm' 3 . 

[0059] The flow of gasses was continued until the p-type GaN optical wave- 

10 guide layer 48 reached a thickness of 100 nm. 

[0060] When the p-type GaN optical waveguide layer 48 reached its design 

thickness, TMA1 was additionally supplied to the reactor to start growing the 
p-type AlGaN cladding layer 49. The relative flow rates of the TMAl and TMGa 
were set to give an AlN molar fraction of 0.06. The flow rate of the Cp 2 Mg was 
15 set to give a magnesium concentration in the range from 1 x 10 18 to 1 x 10 20 

cm" 3 . In a preferred embodiment, the Cp 2 Mg flow rate was set to give a 
magnesium concentration of about 5 x 10 19 cm' 3 . 

[oo6i] The magnesium dopant concentrations may differ in the p-type GaN 

optical waveguide layer 48 and the p-type AlGaN cladding layer 49, but the 
20 fabrication process is simpler if the dopant concentrations are the same. 

[0062] The flow of gasses was continued until the p-type AlGaN cladding layer 

49 reached a thickness of 500 nm. 

[0063] When the p-type AlGaN cladding layer 49 reached its design thickness, 

the supply of TMAl was stopped to start growing the p-type GaN p-contact 
25 layer 50. Under the above-described conditions, the growth rate of the p- 

contact layer was 2.5 >um per hour. The flow rate of the Cp 2 Mg was set to give 
a magnesium concentration of about 1 x 10 20 cm' 3 . The flow of gasses was 
continued until the p-contact layer reached a thickness of 100 nm. 

[0064] When the p-type GaN p-contact layer 50 reached its design thickness, 

30 the supply of TMAl, TMGa and Cp 2 Mg to the reactor was stopped and the 

temperature of the substrate 41 was reduced. The supply of ammonia to the 
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reactor was stopped when the temperature of the substrate fell below 100°C, 
and the layer structure 40 was removed from the reactor. The surface of the 
layer structure was observed using a differential interference microscope to 
check for cracks. 

5 [0065] Lasers similar to the laser 60 shown in Figure 4 were then fabricated 

from the layer structure 40 as follows. The layer structure was selectively 
etched to expose the surface 61 of the AlGaN n-contact sub-layer 43 of each 
laser and was additionally etched to form the ridge structure 64 of each laser. 
The ridge structure concentrates the current flow through the active layer 46. 

10 The n-electrodes 62 of the lasers were then formed in a conventional manner 

by vapor deposition. In a preferred embodiment, titanium/aluminum n- 
electrodes were formed. 
[0066] Prior to forming the p-electrodes 63 of the lasers, p-type conversion of 

the magnesium-doped layers was promoted using conventional thermal 

15 annealing or electron beam irradiation. Annealing may also be performed 

before the n-electrodes 62 are formed, but in this example annealing was 
performed after the n-electrodes were formed. The annealing process can be 
performed by the method described in Japanese Patent Application H9-37705, 
assigned to the assignee of this disclosure and incorporated into this disclosure 

20 by reference. An English language version of this application is published as 

International Application no. WO 98/37586. The p-electrodes 63 of the lasers 
were then formed on the p-type GaN contact layers 49 of the lasers. In a 
preferred embodiment, the p-electrodes were formed from Ni/Au and each 
had a width of 5 yum and a length of 500 ^m. 

25 [0067] After the n- and p-electrodes were formed, a cleaving operation was 

performed to divide the layer structure 40 into individual lasers 60 each 
having a resonator structure. 
[0068] Figure 5 is a graph showing the far-field pattern of the light emitted by 

an example of the laser 60 shown in Figure 4 fabricated from the layer struc- 

30 ture 40 as just described. In Figure 5, the intensity of the light emitted by the 

laser, in arbitrary units, is plotted on the y-axis, and the relative emission angle 
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of the light is plotted the x-axis. The relative emission angle is the angle, in 
degrees relative to the optical axis of the laser, at which the light is emitted by 
the laser. The far-field pattern exhibits a single peak, which indicates that the 
optical confinement structure composed of the optical waveguide layer 45 and 
5 the AlGaN cladding sub-layer 44 of the composite AlGaN layer 51 provides 

adequate optical confinement. In the example shown, the optical confinement 
factor was 3.2%. 

[0069] Other characteristics of the laser 60 are shown in Figures 6 and 7. 

Figure 6 is a graph showing the forward conduction characteristic of the laser. 

10 In this, the voltage drop across the laser is plotted along they-axis and the 

current through the laser is plotted along the x-axis. The forward characteristic 
of the laser 60 is indicated by curve (a) . Figure 7 is a graph of the threshold 
characteristic of the laser. In this, the intensity of the light emitted by the laser 
in arbitrary units is plotted on the y-axis and the current through the laser is 

15 plotted along the x-axis. The threshold characteristic of the laser 60 is indi- 

cated by curve (a). 

[0070] Two additional lasers were fabricated for comparison with the laser 60. 

The first laser fabricated for comparison, called Comparative Example 1, had 
the structure shown in Figure 4. However, the AlN molar fraction of the AlGaN 

20 n-contact sub-layer 43 and the AlN molar fraction of the low-temperature- 

deposited AlGaN of the buffer layer 42 were both 0.06. In the laser 60, these 
AlN molar fractions were both 0.03. The forward characteristic of Comparative 
Example 1 is shown in curve (b) in Figure 6. Comparing curve (a) (the laser 
60 according to the invention) with curve (b) (Comparative Example 1) in 

25 Figure 6 shows the substantial advantage obtained in the laser 60 by the lower 

AlN molar fraction in the AlGaN n-contact sub-layer 43. For a given current, 
the voltage drop across the laser 60 according to the invention is substantially 
less than the voltage drop across Comparative Example 1. 
[007i] The second laser fabricated for comparison, called Comparative Exam- 

30 pie 2, had the structure shown in Figure 1. The n-type GaN contact layer 13 

had a thickness of 4 //m. The GaN material of the n-type GaN contact layer 
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limited the thickness of the n-type AlGaN cladding layer 14 deposited on this 
layer to 600 nm, compared with the 1000 nm thickness of the n-type AlGaN 
cladding sub-layer 44 deposited on the AlGaN n-contact sub-layer 43 in the 
laser 60. The thickness of the cladding layer in Comparative Example 2 was 
5 limited to 600 nm to reduce the incidence of cracks in the cladding layer, as 

described above. The threshold characteristic of Comparative Example 2 is 
shown in curve (b) of Figure 7. Curve (b) of Figure 7 indicates that the 
threshold current of Comparison Example 2 was approximately 300 mA, 
whereas curve (a) of Figure 7 indicates that the threshold current of the laser 

10 60 according to the invention was approximately 200 mA. Moreover, the far- 

field pattern of the light emitted by Comparative Example 2 exhibited multiple 
peaks, as shown in Figure 2, whereas the light emitted by the laser 60 accord- 
ing to the invention exhibited the single peak shown in Figure 5. 
[0072] Sapphire substrates, as used as the substrate 41 of the layer structure 

15 40 and the laser 60, are well-researched and inexpensive. Alternatively, silicon 

carbide (SiC) can be used as the substrate 41. SiC is a more expensive sub- 
strate material, but has a lower resistivity, is more stable, and has superior 
cleaving properties. As a further alternative, a conductive substrate of GaN can 
be used and provides excellent performance. Moreover, a substrate structure 

20 composed of a layer of GaN deposited on a substrate can be used as a conduc- 

tive substrate. Such substrate structure may additionally include a buffer layer 
of low-temperature-deposited nitride semiconductor material between the 
substrate and the layer of GaN, as disclosed in Japanese Patent Application 
H9-306215. This application is assigned to the assignee of this disclosure, and 

25 is incorporated into this disclosure by reference. An English language version 

of this application is published as International Application no. WO 99/25030. 
Other substrate materials that can be used include spinel, MgO, GaAs, silicon, 
etc. 

[0073] In the above-described example of the laser 60, the disclosure of the 

30 prior application can be used as a reference for varying the A1N molar fraction 

and thickness of the AlGaN cladding sub-layer to increase the optical confine- 
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ment factor, to improve the far-field pattern of the light emitted by the laser, 
and to lower the threshold current. 
[0074] The layer structure 40 and the laser 60 were described as including the 

n-type composite AlGaN layer 51 located between the substrate 41 and the 
5 active layer 46. The layer structure and the corresponding laser may addition- 

ally include an additional p-type composite AlGaN layer located over the active 
layer, as shown in Figure 8. 
[0075] Figure 8 is a schematic side view showing a second embodiment 80 of a 

nitride semiconductor layer structure according to the invention. The layer 
10 structure 80 includes the n-type composite AlGaN layer 51, the p-type compos- 

□ ite AlGaN layer 71 and the p-type GaN p-contact layer 72. Elements of the 

]g layer structure 80 that correspond to the layer structure 40 are indicated using 

the same reference numerals and will not be described again here. It will be 
fy apparent to the person of ordinary skill in the art that processing similar to 

T* 15 that described above may applied to the layer structure 80 to make lasers 

iT z similar in structure to the laser 60. 

: : : 

h* [0076] In the layer structure 80, the p-type composite AlGaN layer 71 includes 

« two sub-layers of approximately equal thickness, each having a different 

1=db AlGaN molar fraction. The p-type composite AlGaN layer includes a sub-layer 

20 of single-crystal AlGaN semiconductor material having a lower AlN molar 

fraction and a sub-layer of single-crystal AlGaN semiconductor material having 
a higher AlN molar fraction. The sub-layer having the higher AlN molar 
fraction is located adjacent the p-type GaN optical waveguide layer 48 and 
forms an optical confinement structure with the p-type GaN optical waveguide 
25 layer. This sub-layer will be called the AlGaN p-cladding sub-layer 69. The 

greater AlN molar fraction of the AlGaN p-cladding sub-layer enables the 
optical confinement structure to provide adequate optical confinement. 
[0077] The sub-layer having the lower AlN molar fraction has a lower resis- 

tance than the AlGaN p-cladding sub-layer 69, is located remote from the p- 
30 type GaN optical waveguide layer 48 and performs current injection into the 

laser. This sub-layer will be called the AlGaN p-contact sub-layer 70. The lesser 
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A1N molar fraction of the AlGaN p-contact layer provides a low-resistance 
current conduction path. 
[0078] The n-type composite AlGaN layer 51 and the p-type composite AlGaN 

layer 71 are oriented in the same sense relative to the optical waveguide layers 
5 45 and 48, i.e., in each of the composite AlGaN layers, the cladding sub-layer 

having the higher AlN molar fraction is located adjacent the respective optical 
waveguide layer to form a respective optical confinement structure. As a 
result, the sub-layers of the n-type composite AlGaN layer 51 and the p-type 
composite AlGaN layer 71 are in inverse order in the layer structure 80. 

10 [0079] In the p-type composite AlGaN layer 71, the AlN molar fraction may 

change abruptly between the AlGaN p-cladding sub-layer 69 and the AlGaN p- 
contact sub-layer 70, creating in effect two distinct layers of AlGaN, each 
having a different AlN molar fraction. Alternatively, the AlN molar fraction 
. - may change gradually between the AlGaN p-cladding sub-layer AlGaN and the 

15 p-contact sub-layer creating a single p-type layer having an AlN molar fraction 

that differs through the thickness of the layer. Regardless of the way in which 
the AlN molar fraction changes, the thickness of the p-cladding sub-layer 69 
should be no greater than that required to provide adequate optical confine- 
ment. 

20 [0080] In a preferred embodiment of the nitride semiconductor layer structure 

80, the AlGaN p-cladding sub-layer 69 has a thickness of 500 nm and an AlN 
molar fraction of 0.06, the AlGaN p-contact sub-layer 70 has a thickness of 
500 nm and an AlN molar fraction of 0.03 and the p-type GaN p-contact layer 
72 has a thickness of 50 nm. The thicknesses and compositions of the other 

25 layers are the same as in the layer structure 40. It will be apparent to a person 

of ordinary skill in the art that the method described above for making the 
layer structure 40 can be modified to make the layer structure 80. 
[008i] The layer structure 40 or the layer structure 80 may be modified to 

enable it to be used for making n-up lasers and other nitride semiconductor 

30 devices. In such modified layer structure, the layers between the substrate 41 

and the active layer 46 are doped p-type and the layers over the active layer, 
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including any additional composite AlGaN layer 71, are doped n-type. 
[0082] The layer structures 40 and 80 and the laser 60 described above may 

include an additional buffer layer (not shown) of low-temperature-deposited 
AlGaN sandwiched between the p-type GaN optical waveguide layer 48 and 
5 the p-type AlGaN cladding layer 49 or between the p-type GaN optical wave- 

guide layer 48 and the p-type composite AlGaN layer 71, to reduce the inci- 
dence of cracks still further. The low-temperature-deposited AlGaN of the 
additional buffer layer may be doped with magnesium at a concentration in 
the range from about 1 x 10 18 to about 1 x 10 20 cm" 3 make this material 
10 p-type. For instance, a magnesium concentration of about 1 x 10 20 cm" 3 can be 

selected. 

[0083] The layers constituting the layer structures 40 and 80 are preferably 

deposited using metal-organic vapor phase epitaxy (MOVPE) . However, this is 
not critical to the invention. These layers may alternatively be deposited using 

15 molecular beam epitaxy (MBE), halide vapor phase epitaxy (HVPE) or other 

suitable epitaxial deposition techniques. 
[0084] Figures 9A-9C are graphs illustrating some of the ways in which the AlN 

molar fraction can vary through the thickness of the composite AlGaN layer 
51. The AlN molar fraction is plotted along they-axis, and the percentage of 

20 the thickness of the composite AlGaN layer is plotted along the x-axis, with 0% 

corresponding to the interface between the composite AlGaN layer and the 
buffer layer 42 and 100% corresponding to the interface between the compos- 
ite AlGaN layer and the n-GaN optical waveguide layer 45. The actual percent- 
age of the thickness at which the AlN molar fraction changes depends on the 

25 relative thicknesses of the AlGaN n-contact sub-layer 43 and the AlGaN 

cladding sub-layer 44. 
[0085] As described above, the AlN molar fraction may change abruptly 

between the AlGaN n-contact sub-layer 43 and the AlGaN cladding sub-layer 
44, creating in effect two distinct sub-layers of AlGaN, each having the differ- 

30 ent AlN molar fraction, as shown in Figure 9A. 

[0086] Alternatively, the AlN molar fraction may change gradually in the 
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gradient sub-layer 55 between the AlGaN n-contact sub-layer 43 and the 
AlGaN cladding sub-layer 44. Figure 9B shows an embodiment in which the 
AlN molar fraction varies substantially linearly across the gradient sub-layer. In 
this case, the gradient sub-layer is about 20 nm thick. Figure 9C shows an 
5 embodiment in which the AlN molar fraction varies substantially parabolically 

across the gradient sub-layer. Changing the AlN molar fraction gradually to 
create the gradient sub-layer should reduce the hetero gap, which should 
reduce the device resistance. 
[0087] The AlN molar fraction in the additional composite AlGaN layer 71 may 

10 vary between the p-cladding sub-layer 69 and the p-contact sub-layer 70 in 

ways similar to those shown in Figures 9A-9C. 
[0088] The nitride semiconductor layer structures 40 and 80 according to the 

invention include the thick, low-resistance composite AlGaN layer 51 and yet 
have a relatively low incidence of cracks and other defects. These layer 

15 structures can be used to improve the characteristics not only of electro-optical 

devices such as laser diodes, but also of other devices that include Group III- 
nitride semiconductor hetero structures. Such devices include photodiodes, 
light-emitting diodes, planar light-emitting diodes, high electron mobility 
transistors and field-effect transistors. 

20 [0089] Although this disclosure describes illustrative embodiments of the 

invention in detail, it is to be understood that the invention is not limited to 
the precise embodiments described, and that various modifications may be 
practiced within the scope of the invention defined by the appended claims. 



